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Cell contacts in duodenal smooth muscle layers. Am. J. Physiol. Dewey and Barr ( 17, 18) in intestinal circular smooth muscle of dogs and cats after fixation with potassium permanganate, and have been designated nexuses. Similar structures have been described by Lane and Rhodin (3 1) in mouse intestine and by Oosaki and Ishii (36) in rat intestine, using glutaraldehyde and osmium tetroxide fixatives.
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It has been proposed that the nexus is the site of electrical transmission between smooth muscle cells (2, 17, 18) . Two types of electrical events occur in the small intestine: action potential spikes and rhythmic oscillations of cell membrane potentials (slow waves). While the nexuses may be essential for propagation of action potential spikes ( 1, 2, 44), their relation to slow waves is uncertain.
Slow waves are coupled in the longitudinal muscle layer (33, 41) and then spread electrotonically into circular muscle (7, 8, 37) . Determination of the structure permitting the spread of current in the two muscle layers might lead to prediction of other properties of slow waves.
We observed typical nexuses in circular muscle of canine duodenum fixed in situ by perfusion with buffered glutaraldehyde. However, such junctions appeared to be absent from the longitudinal muscle layer. We therefore studied in more detail the distribution of cell contacts in the two muscle layers. We also studied the effects on these contacts of procedures which uncouple slow waves: perfusion with a hypertonic solution or with epinephrine and production of strong contraction by acetylcholine or high potassium ( 14).
MATERIALS AND METHODS
Mongrel female dogs were anesthetized with chloraloseurethan (2 % chloralose-10 % urethan, 3 ml/kg). Segments of the duodenum were perfused intra-arterially via one of. the vasa recta by a technique previously described ( 12). Depending on the size of the intestinal segment, from 10 to 60 ml of heparinized Krebs-Ringer solution ( = 320 mOsm/ liter) were perfused, at a rate of 3.9 to 7.8 ml/min.
(Osmolarities were determined with an Advanced Instruments osmometer.)
For experiments on the effects of hypertonicity, the Krebs-Ringer solution was made hypertonic ( = 760 mOsm/liter) by the addition of sucrose. Perfusion was continued for several minutes after sustained uncoupling of slow waves was observed. The effect of maximal contraction was studied in some segments by perfusing them with solutions containing acetylcholine, 100 pg/? ml, or 10 times the normal potassium level (46 mM instead of 4.6 mM>. In addition, a few segments were perfused with epinephrine, l-10 pg/ml. At the end of the perfusion, ligatures were tied around the intestine above and below the perfused area, the vein was cut, and the segment was fixed within a few seconds by perfusion with 20 ml of perfusion fluid. This was either normal or hypertonic Krebs-Ringer solution containing 2 % glutaraldehyde, which was diluted, 1 part up to 1.7, with water (osmolarity of normal fixative = 340 mOsm/liter; of hypertonic = 590 mOsm/liter).
The adequacy of the fixation could be judged by the rapidity of replacement of blood by glutaraldehyde solutions, by the rubbery consistency of the segment, and by its light yellowish color.
After fixation the segment was cut out, opened flat, and the mucosa was dissected off. The muscle was cut into rectangular pieces approximately 0.5 x 1.0 cm, one with the long dimension in the direction of the axis of the intestine, and one perpendicular to this. The pieces were further cut crosswise into strips 1 x 5 mm, and were placed in buffered glutaraldehyde fixative. Postfixation was carried out for 1 hr in 1% osmium tetroxide, buffered at pH 7.4 with Millonig's phosphate buffer. The samples were dehydrated in graded ethanols followed by propylene oxide and embedded in Epon 8 12 in flat molds, with the strip placed lengthwise in the mold. The orientation was, therefore, such that the end of the strip, at the taper of the block, contained both muscle layers. Strips from the first rectangular piece had longitudinal muscle cells parallel to the face of the block, which then appeared in longitudinal section, while circular muscle was (Fig. ZA) .
Junctions like those described by Dewey and Barr ( 17, 18) are readily seen in cross sections of the circular muscle (Fig. 1, A and B) , but are less often recognized in longitudinal sections of the same muscle layer (Fig. 1, C and 0) . Such contacts are never seen in the longitudinal muscle layer. This is illustrated
in Table 2 , which shows the average number of nexuses counted per grid square, in each orientation of each muscle layer, and the range found for the six grid squares counted.
The nexuses are seen as three dense lines separated by two clear areas, with a total average width of 21 nm (210 A). The inner leaflets of the membrane (outermost dense lines of the junction) are somewhat thicker at the junction than elsewhere, and a relatively clear area of cytoplasm underlies the membrane in this region. The center line is 3.5-4 nm (35-40 A) wide and appears to be slightly narrower than the inner leaflets of the plasma membrane (5 nm or 50 A). There is frequently a mitochondrion, or a cluster of glycogen granules otherwise often associated with a mitochondrion, adjacent to the nexus (Figs. lB, and 4, C and 0).
In the longitudinal muscle layer the only area of welldefined contact between cells consists of a region where the plasma membranes run parallel to each other for up to 2.5 ,um, separated by an intercellular space approximately 50 nm (500 A) wide (Fig. 2) . The total width of the junction is about 60 nm (600 A) on the average (range of most: 40-70 nm or 400-700 A). The cytoplasm under the membrane at such contacts is usually more dense than elsewhere.
The center of the intercellular space is occupied by a denser line, often of granular appearance.
Contacts of this structure are also seen occasionally in the circular muscle layer (Fig. 1 , A and C), though they are not nearly so common as the nexuses.
Tissues perfused with a hypertonic solution (760 mOsm/ liter) show shrunken cells with enlarged extracellular spaces ( Fig. 3 , A and B, and Table 1 ). There are frequent processes which appear to be pulled out from the cells. In circular muscle intact nexuses are commonly seen at the ends of such processes. The five-layered structure of the junction appears unaltered, although the cells may be greatly distorted (Fig.  3C ). In both layers of muscle, contacts of the second type, described above, are also seen after hypertonic perfusion (Fig. 3, A and B) . A few samples were fixed with the undiluted mixture of hypertonic Krebs-Ringer solution and 2 % glutaraldehyde ( 1 ,O 10 mOsm/liter) ; though the cells were considerably more shrunken, nexuses were still present. After strong contraction of the muscle produced by acetylcholine or a high level of potassium in the perfusate, both types of junctions are still visible in circular muscle and the second type remains in longitudinal muscle (Fig. 4 , A-C, and Table 2 ). They also remain after perfusion with epinephrine ( Fig. 4D) which is known to interfere with electrotonic spread between the cells ( 13).
Tissues fixed in permanganate exhibit swollen cells with greatly decreased extracellular space ( Fig. 5A and Table 1 ). There are a number of peg-and-socket interdigitations between cells (Fig. 5B ). At these points the intercellular space is obliterated, but even at high magnification a five-layered structure cannot be distinguished.
Cell organelles and thin filaments are poorly preserved. Mitochondria have narrow cristal spaces and a diffuse matrix, somewhat more like the orthodox form, but the cristae are very scant and irregularly arranged.
DISCUSSION

Adequacy of Fixation and General Appearance
The quality of fixation by in situ perfusion with glutaraldehyde is indicated by several features: the arrays of thin filaments, the presence of pinocytotic vesicles, the appearance of the mitochondria, extracellular space values which may correspond to those measured by extracellular markers, and the presence of the cell contacts.
The hexagonal thin-filament arrays are similar to those seen by Lowy and Small (32) after fixation at 0 C of stretched taenia coli muscles. They suggest that these arrays are actin filaments, and that the so-called dense bodies and thicker round filaments are artifacts from disorganization of wide myosin ribbons under the usual conditions of fixation. If the latter were true, the dense bodies in longitudinal section might be expected to be similar in length to the postulated myosin ribbons, and actin arrays might be absent or disrupted within the dense bodies. However, we observed only short dense bodies in longitudinal section and regular actin arrays within dense bodies (Figs. IB, 2B, and 3C).
Thus neither of the above expectations holds for our preparation.
The longitudinal rows of vesicles correspond to those seen in other smooth muscles by Devine and Simpson ( 16) When the tissue was fixed with potassium permanganate, the cells appeared swollen with decreased extracellular space, and peg-and-socket interdigitations between cells appeared (Fig. 5, A and B) . While the cell membrane appeared to be well preserved by this fixative in many areas, the overall appearance of the cells and of the cell organelles was so distorted that this method may not give as true an idea of the normal cell profiles. Our observations agree with those of Bergman (6) potassium permanganate fixation, but appeared smaller and more dense, in contrast to the report of Nishihara (35) that they were not seen in taenia coli after such fixation.
The mitochondria are typically in the condensed form (Figs. 1,2, and 4) . According to Hackenbrock (25) this form is produced in isolated liver mitochondria by adding ADP to "orthodox" mitochondria, allowing oxidative phosphorylation to proceed. Jasper and Bronk (27) described condensed mitochondria in intestinal strips which are metabolizing amino acids. In both cases, the preparations are fixed from a known metabolic state either very rapidly or in the cold. In contrast, mitochondria in muscle layers that have been dissected, incubated at 37 C and then fixed in potassium permanganate have few cristae, irregularly arranged (Fig. 5,  A and B) . A similar appearance was described by Trump and Ericsson (45) in kidney tissue fixed in permanganate, in contrast to that fixed in osmium tetroxide or aldehydes.
Comparison
of extracellular spaces determined by volumes of distribution with those measured from areas on micrographs confirms that cells are markedly swollen after fixation with potassium permanganate (Table  1) . Even after glutaraldehyde fixation, the extracellular space from electron micrographs is less than that determined by extracellular markers (Table 1 ). The latter difference may be explained by the selection of areas for electron microscopic study which are well covered with muscle cells, omitting large areas of connective tissue between cell bundles. It is unlikely that this could account for the much greater discrepancy between the extracellular spaces measured from electron micrographs of tissue fixed in permanganate or osmium tetroxide (38) and those from markers (3, 24). Heterogeneity of the extracellular space that could result in exclusion of large marker molecules from certain areas (24) would decrease the measured distribution volume and minimize the difference between spaces determined by the two methods.
Structure and Location of Cell Junctions
Nexuses. The five-layered junction or nexus seen in the circular muscle layer after fixation by perfusion with glutaraldehyde was the same structure as that described by Dewey and Barr ( 17, 18) . Both these authors and Nishihara (35) found it to be present after fixation with potassium permanganate but not after osmium tetroxide.
However, similar structures were demonstrated in visceral smooth muscles by Lane and Rhodin (3 1) using osmium tetroxide or glutaraldehyde, and by both Oosaki and Ishii (36) and by Cobb and Bennett (10) comparing osmium tetroxide with permanganate fixation.
Therefore, it appears that the nexus can be demonstrated in smooth muscle of various species by any of the three commonly used fixatives, provided that the tissue is fixed in situ or promptly after removal, with a minimum of trauma.
The width of the center line of this junction (ca. 3.5-4 nm or 35-40 A) is less than twice the value usually given for the outer leaflet of the plasma membranes.
This suggests that However, the junctions do not appear to occupy 3-5 % of the cell surface area, as the latter reported. These junctions were often seen at the ends of cell projections (Figs. 1, 3 , and 4) which resembled the intercellular bridges with transverse membranes described by Bergman (5) in ureteral smooth muscle and by Prosser et al. (38) in cat intestinal muscle.
The nexuses had the same appearance in cross and longitudinal sections of the circular muscle. The widths varied in each from 120 to 800 nm ( 1,200 to 8,000 A) . Therefore, they seem to be approximately circular in shape. The identifiable contacts were more numerous in cross section at equal magnification.
The reason for this is that, for a tight junction to be recognized as such, the plane of section must be normal to the plane of the junction.
Since longitudinal sections cut the membrane at various angles, only sections through the midpoint region of the cylindrical fiber would have the junction oriented so that the five layers could be seen, whereas virtually all cross sections would be properly oriented.
The frequent association of mitochondria with these junctions suggests the possibility that some energy-dependent process is required for the integrity or function of the nexus. Table 2 shows that this type of junction is confined to the circular muscle layer. Rarely, areas of contact which superficially resembled nexuses were seen in the longitudinal muscle at low magnification, but it was never possible at higher magnification to resolve the typical five-layered structure.
Other cell junctions. A second type of cell contact which is found regularly in the longitudinal muscle layer, but also, less frequently, in circular muscle, has been described above. It has more than twice the overall width of the nexuses. We propose the name intermediate contact for this second type of cell contact. It has several features in common with the intermediate junction of epithelium as described by Farquhar and Palade (22) : namely, an intercellular space of uniform width and increased density of the cytoplasm beneath, with a straight or slightly wavy course. They also mention that the homogeneous material in the intercellular space is sometimes bisected by a band of higher density, which we see regularly.
The junction appears wider than that described by Farquhar and Palade, perhaps because of the different tissues studied, or because we used glutaraldehyde fixation while they employed osmium tetroxide. The term intermediate seems appropriate, not because of the location between other junctions which was designated in the case of epithelium, but because the width of the intercellular space is intermediate between that found between most parts of cells and that of the nexus.
Oosaki and Ishii (36, Fig. 1 ) described a similar type of cell junction, in addition to the tight junction, in rat intestinal smooth muscle. Lane and Rhodin (3 1, Fig. 1 ) demonstrated areas which appear very much like our intermediate contacts in longitudinal muscle of mouse duodenum. Similar structures were seen in smooth muscle of developing avian gizzard by Cobb and Bennett (9, Fig. 4 ) and of renal arterioles by Newstead and Munkacsi (34, Fig. 17) .
Possible Functions of Cell Junctions
Mechanical attachment . Nexuses may provide mechanical connections between cells, either to serve as a permeability barrier in epithelia (22) or to connect contracting cells in smooth muscle ( 18) . For this role, the junction must have some mechanical strength, and not be pulled apart under tension.
Our experiments with hypertonic perfusion indicate that, even with considerable distortion resulting from cell shrinkage, the nexuses remain intact. This is in agreement with the report of Shoenberg quoted by Tomita (44) and of Nishihara (35) that perfusion with a solution of twice the normal tonicity does not eliminate the nexuses in guinea pig taenia coli. Cobb and Bennett ( 10) found that incubation of taenia coli, as well as other smooth muscles, in hypertonic solutions of various osmolarities did not affect the nexuses; nor did the degree of contraction at the time of fixation. In contrast, Barr et al. (1) reported that all nexuses were destroyed by incubation of this tissue in hypertonic solutions. They pointed out a cell contact which remained after hypertonic treatment ( 1, Fig. 6, arrow) , but the magnification was Slow waves are cyclic changes in the membrane potentials of the intestinal smooth muscle cells, generated in longitudinal muscle and spread electrotonically to the underlying circular muscle (7, 8) . In isolated segments of intestine, slow wave frequencies are higher in proximal than in distal segments (20, 2 1, 41, 43). In the intact intestine, slow waves are coupled so that the frequencies of distal segments are raised. The absence of nexuses in longitudinal muscle indicates that current must flow through the extracellular space in the coupling process. This is consistent with the finding that current coupling rather than voltage coupling is required to duplicate the observed properties of slow waves in a model utilizing a chain of relaxation oscillators (41). C urrent coupling involves using a fraction of the time derivative of the voltage change (i.e., current) from one oscillator as the input to the next, while voltage coupling uses a fraction of the voltage change itself. The requirement for current coupling may also explain the phase lags observed in the longitudinal axis of dog duodenum when slow waves are entrained.
There is no appreciable phase lag in the radial direction (37)) possibly due to rapid electrotonic spread through nexuses in the circular muscle.
In 
